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ABSTRACT
The horse has evolved to gallop economically at high speed. Limb
force increases with speed but direct measures of limb ground
reaction forces (GRFs) at gallop are sparse. This study reports GRFs
for multiple limbs, using force plates, across seven Thoroughbred
racehorses during ridden galloping. The results show peak vertical
GRF values of 13.6 N kg−1 (non-lead hindlimb), 12.3 N kg−1 (lead
hindlimb), 14.0 N kg−1 (non-lead forelimb) and 13.6 N kg−1 (lead
forelimb) at 11.4 m s−1 and recorded values are consistent with those
predicted from duty factor. The distribution of body weight between
the forelimbs and hindlimbs is approximated to 50:50, and is variable
with speed, unlike the 60:40 commonly stated for cursorial
quadrupeds in the literature. An even distribution of load on all
limbs may help minimise accumulation of fatigue and assist in injury
avoidance. Cranio-caudal force data concur with the observation that
horses apply a net accelerative impulse with the hindlimbs and a net
decelerative impulse with the forelimbs. Capturing GRFs enhances
our knowledge on the mechanics of galloping in fast-moving species
and provides insight into injury risk and factors limiting athletic
performance.
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INTRODUCTION
The horse (Equus caballus) has evolved to be a fast and efficient (Self
Davies et al., 2019) runner with a low cost of transport (Thornton
et al., 1987; Minetti et al., 1999) and a number of anatomical and
physiological adaptations for high-speed locomotion (Hildebrand,
1988; Biewener, 1998; Wilson et al., 2001; McGuigan and Wilson,
2003; Wilson et al., 2003; Payne et al., 2004; Payne et al., 2005).
Further selective breeding has produced the Thoroughbred racehorse,
which has been highly selected for speed and endurance. In racing,
Thoroughbred racehorses show top speeds of around 19 m s−1
(Russell and McWhirter, 1988) and use a transverse gallop gait
pattern.
Understanding of the limits to maximum speed is of interest from
both basic science and athletic performance perspectives. Maximum
attainable speed is determined, and limited, by a number of
interrelated factors, including power (Self et al., 2012) and peak
limb force (Jones and Lindstedt, 1993; Alexander, 2003;Weyand and
Davis, 2005), the latter of which is a major determinant of the strain
placed on the musculoskeletal tissues of the limbs. The peak load that
can be withstood by the limbs may limit maximum speed and it has
been suggested that musculoskeletal tissue forces (strains) trigger the
transition from trot to gallop in horses (Farley and Taylor, 1991).
Bend running provides a useful perturbation to limb force in running
as the resulting centripetal force simulates an increase in bodyweight.
Human and equine athletes show a reduction in speed with bend
running, implying a limit on limb force (Usherwood and Wilson,
2006; Bowtell et al., 2007; Tan and Wilson, 2011), though
greyhounds do not (Usherwood and Wilson, 2005).
Force plate ground reaction force (GRF) data have been collected
from horses in numerous studies (Merkens et al., 1986; Merkens
et al., 1993a; McLaughlin et al., 1996; Dutto et al., 2004; Witte
et al., 2004), though there are no force plate data in the literature for
multiple limbs during overground, ridden galloping, representative
of racing conditions. Instrumented horseshoes have been shown to
successfully measure vertical forces during a variety of gaits
(Ratzlaff et al., 1990; Roepstorff and Drevemo, 1993), though it is
possible that they may affect grip and alter digital mass, and they
must be customised to fit the individual. In the absence of galloping
force plate data, it has been shown that vertical GRFs can be
accurately estimated from duty factor at lower speeds (Alexander
et al., 1979; Witte et al., 2004). Assuming that the vertical force
trace follows a half-sinusoidal shape and the distribution of body
weight across the forelimbs and hindlimbs remains constant, this
can be used to predict forces during galloping; however, in the
absence of experimental data, these predictions have not been
verified. Verification of such predictions would be a valuable
addition to the literature.
During standing and at low speed (up to cantering), the body
weight of the horse is distributed between the forelimbs and
hindlimbs with a ratio of 57:43 (Dutto et al., 2004; Witte et al.,
2004), which is comparable to the weight distribution in other
cursorial species (Jayes and Alexander, 1978; Alexander et al.,
1979; Lee et al., 1999; Walter and Carrier, 2007; Hudson et al.,
2012). As well as this front:back (vertical) loading asymmetry, there
is also a left:right (more correctly a lead:non-lead) asymmetry
shown in cantering horses (Merkens et al., 1993b) and galloping
dogs (Walter and Carrier, 2007). From an evolutionary standpoint,
these findings are counterintuitive as asymmetrical loading across
limbs would probably decrease manoeuvrability, result in
musculoskeletal asymmetry (Watson et al., 2003; Pearce et al.,
2005) and increase injury risk. At very high speeds, the front:back
loading distribution has been shown to change with speed in
cheetahs and greyhounds (Hudson et al., 2012).
Here, we present a novel dataset of individual limb GRFs for
ridden overground galloping in Thoroughbred racehorses. We
hypothesise that peak forces will be similar in magnitude to those
predicted in the literature, increasing with speed, with the implication
of a force constraint to maximum speed. We also predict that horses
may move more towards a 50:50 front:back impulse distribution atReceived 27 March 2019; Accepted 23 July 2019
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the gallop, similar to other fast-moving species, in order to increase
loading symmetry across limbs.
MATERIALS AND METHODS
Ethical approval for this study was granted by the Royal Veterinary
College (RVC) Welfare and Ethics Committee (URN 2011 1107).
Data were collected from seven Thoroughbred racehorses at the
British Racing School (BRS), Newmarket, UK. All horses were in
regular training and considered to be free from underlying
pathologies that could affect performance. All subjects were
weighed on the in-house scales (477±25 kg) (though weights for
data analysis were taken as the integral of the vertical force across a
stride) and limb lengths were taken to the top of the scapula (1.63±
0.04 m) using a standard tape measure. The same professional jockey
(mass of jockey+equipment=70.1 kg) rode all horses for all trials.
Ten 0.6×0.9 m Hall-effect force plates (AMTI, Watertown, MA,
USA) were placed in series in a custom-designed steel frame
[Quality Equipment, G. E. Baker (UK) Ltd, Suffolk, UK] in the
racing track at the BRS on a base layer of chalk. Plates were covered
with a thin layer of material membrane and custom-designed top-
plates were laid over this. Approximately 0.1 m depth of oiled sand
was then filled over the plates to provide a surface over which
the horses could gallop safely. On the left-hand side of the track
were two high-speed cameras (AOS Technologies AG, Dättwil,
Switzerland), set back 5 m from the track, with a view of
approximately 5 m before the plates and 5 m after the plates, with
an overlap of approximately 1 m in the middle to ensure that full
strides were captured. The cameras were set to 1280×560 pixels and
filmed at 500 Hz. Each horse was given as much time as was
required for it to become acclimatised to the setup. Temporal stride
data were obtained from the videos using VirtualDub (v.1.9.11).
The use of wide-angle lenses (12.5 mm) was unavoidable so in
order to compensate for lens distortion and parallax, a calibration
square was filmed at all points along the path. Speed data were
subsequently computed from the video using a custom-written
point-tracking script (Hedrick, 2008) in MATLAB (MathWorks,
Natick, MA, USA).
Force data were analysed in a custom-written script in MATLAB.
Individual limb stances were used in the analysis if they landed fully
on the plate and no other limbs were in contact with that plate during
the same period. Where a limb stance fell across two plates or there
was transfer of cranio-caudal force to adjacent plates, data from the
plates were summed. The outputs of the script were individual limb
forces in the vertical, cranio-caudal and medio-lateral directions
throughout stance for each horse, for each trial. From this, impulse
was taken to be the integral of force with respect to time, for each
dimension, during each stance phase. Peak forces were taken to be
the maximum value in force, in each dimension, during each stance
phase for the statistical analysis and were normalised to newtons per
kilogram mass (horse plus jockey). Because of the damping effects
of the overlying surface, no smoothing was required. The ratio of
forelimb:hindlimb impulse was calculated for the trials in which all
four stances were captured, by dividing the summed impulses for
the limb pairs by the sum of the impulses across all four limbs.
All statistics were carried out in SPSS v.22.0 (released 2013; IBM
SPSS Statistics for Windows, IBM Corp., Armonk, NY, USA). To
ascertain whether there were significant differences in the peak
forces and impulses between the lead and non-lead limb of each
pair, a linear mixed effects model was conducted, taking speed to be
a fixed effect and both horse and trial to be random effects. All data
conformed to the assumptions of normality and in cases where a
significant difference was established, linear hypothesis testing was
applied to establish which limbs differed significantly from the
others with regard to impulse and peak force. The significance level
was taken to be P<0.05. Where all four footfalls were collected,
summed forelimb and hindlimb vertical impulses were also
correlated with speed.
As GRFs in galloping horses are often currently estimated from
duty factor (Alexander et al., 1979; Witte et al., 2004), duty factor
data from video in this study were also used to calculate predicted
values for comparison with recorded values, though this was
corrected for a 50:50 front:back weight distribution (see below).
RESULTS
Data were collected for seven horses across 34 trials. Horses
galloped through the set-up at speeds between 9.1 and 13.7 m s−1,
with 3 or 4 footfalls being captured in most trials. A total of 138
single-limb stances were analysed, comprising 31 for the non-lead
hindlimb (NLH), 36 for the lead hindlimb (LH), 37 for the non-lead
forelimb (NLF) and 34 for the lead forelimb (LF). Mean vertical,
cranio-caudal and medio-lateral forces are presented in Fig. 1 and
data are summarised in Table 1.
Fig. 2 shows stance time, peak vertical force (GRFz) and vertical
impulse against speed. The statistical analysis revealed that speed
had a significant effect on GRFz (LME; P<0.05) and vertical
impulse. GRFz and vertical impulse were significantly greater
(LME; P<0.05) in the NLH than in the LH, but there was no
significant difference in either parameter between the LF and NLF.
There were 26 trials in which a full stride (4 sequential footfalls)
was collected, which allowed calculation of the front:back impulse
distribution. The mean front:back impulse distribution was 49:51,
though this varied with speed, as shown in Fig. 3. There was a
significant positive correlation between hindlimb vertical impulse
and speed and a significant negative correlation between forelimb
vertical impulse and speed.
Recorded GRF data were concomitant with estimates from duty
factor when assuming a 50:50 front:back weight distribution.
Taking predicted data as a percentage of recorded data, the
predictions were a mean of 100% (interquartile range, 90–107%)
of the recorded values (Fig. 4).
DISCUSSION
A general decrease in stance timewith speed and an increase in GRFz
with speed was seen here, in agreement with the literature (Witte
Table 1. Summary of data by individual leg
NLH LH NLF LF
Peak vertical force at 11.4 ms−1 (N kg−1) 13.6 12.3 14.0 13.6
Positive cranio-caudal impulse (N kg−1 s) 0.11±0.032 0.07±0.019 0.05±0.02 0.04±0.01
Negative cranio-caudal impulse (N kg−1 s) −0.03±0.02 −0.03±0.01 −0.05±0.02 −0.07±0.02
Peak vertical force values, normalised to individual mass (horse plus jockey), are taken at the middle of the speed range from the model in Fig. 2; positive and
negative cranio-caudal impulse values are means±s.d. N=138 single limb stances from 7 horses across 34 strides. NLH, non-lead hindlimb; LH, lead hindlimb;
NLF, non-lead forelimb; LF, lead forelimb.
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et al., 2004, 2006) and with the requirement of basic physics for the
bodyweight to be supported under conditions of reducing duty factor.
GRFz was between 1 and 1.7 times body weight and was dependent
on speed. These GRFz data were consistent in magnitude with those
predicted from duty factor, though the distribution of force between
forelimbs and hindlimbs was more symmetrical than suggested in
former studies. The durations for stance in this study are greater than
the mean values in Witte et al. (2006) but fall within the range they
observed. This is possibly due to differences in measurement
techniques (accelerometers versus force plates) or to differences in the
animals (elite racing versus non-competing Thoroughbred horses)
and the depth of the synthetic surface. The peak forces seen here
are lower, relative to body mass, than those in other galloping
species such as dogs and cheetahs (Walter and Carrier, 2007; Hudson
et al., 2012).
There was a significant difference in peak GRFz and vertical
impulse between the LH and NLH but not between the LF and NLF.
Slightly longer stance periods in the NLH have been shown in
galloping horses (Deuel and Lawrence, 1987) and there is also a
trend for this in dogs, though the difference is not significant
(Walter and Carrier, 2007). Data from this study concur with these
previous findings. The literature does, however, show higher peak
values in GRFz in the LH of galloping dogs (Bryant et al., 1987;
Walter and Carrier, 2007) and cantering horses (Merkens et al.,
1993b), which is the opposite of what was observed in this study.
While in canter it has been shown that the GRF patterns are different
in all four limbs (Merkens et al., 1993b), it would be of benefit that
force and impulse become distributed more evenly across all four
limbs as speed increases. There would be a disadvantage to an
asymmetrical gallop with regard to force, which would result in
significant musculoskeletal asymmetries. Galloping in the wild
requires mammals to manoeuvre to escape predation and adapt to
varying terrain, which would be hindered by asymmetries. Skeletal
asymmetries have been demonstrated in racehorses, which are due
to the turn directions of racetracks (Watson et al., 2003; Pearce et al.,
2005), and there is also proposed to be a distinct disadvantage to an
asymmetrical transverse gallop during bend running as the lead
limbs are ipsilateral, meaning one lead will be on the outside and
one will be on the inside. It is possible that some observations in this
study are a result of asymmetries built up over the careers of the
racehorses used.
When compared with estimates from duty factor, the recorded
data are very consistent with predictions; however, the difference in
vertical impulse between the forelimbs and hindlimbs is very much
reduced. In the literature, predicted forces are based on the
assumption of a 60:40 front:back impulse distribution (Alexander
et al., 1979; Witte et al., 2004, 2006), which is not consistent with
data from this study. In this study, the front:back impulse ratio is
closer to 50:50, which accounts for the decreased differences
between the forelimbs and hindlimbs. There are a number of factors
that could account for the apparent change in impulse distribution,
including changes in forelimb and hindlimb protraction and
retraction angles; increased back flexion; increasing hindlimb
loading; position of the jockey (see Appendix); and movement of
the guts within the abdominal cavity. It must also be noted that
horses accelerated slightly in each trial (mean 0.45 m s−2), which
could result in a pitching moment, shifting the weight towards the
hindlimbs.
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Fig. 1. Raw ground reaction force (GRF) data in the
vertical, cranio-caudal and medio-lateral directions.
Lines represent the mean, shaded areas represent the
standard deviation. Non-lead hindlimb (NLH), 31 footfalls
across 7 individuals; lead hindlimb (LH), 36 footfalls
across 7 individuals; non-lead forelimb (NLF),
37 footfalls across 7 individuals; lead forelimb (LF), 34
trials across 7 individuals.
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It has been proposed that the peak GRF that the limbs can
withstand limits maximum speed (Jones and Lindstedt, 1993;
Weyand et al., 2000; Usherwood and Wilson, 2005, 2006; Tan and
Wilson, 2011). As is concomitant with the literature, data from this
study show a decrease in stance time and an increase in peak force
with speed. With this knowledge, it is wholly plausible that horses
may reach a speed at which the musculoskeletal tissues of the limbs
can no longer resist the GRFs for repeated cycles and are forced to
slow down in order to avoid injury. It is possible that an increase in
stride frequency would ameliorate the increase in duty factor and
reduce the increase in vertical GRF; however, there is very little
variation shown in swing time in galloping horses (Witte et al., 2006).
The point at which such a limit comes into play is harder to determine
as other limits, such as power (Self et al., 2012), may dominate before
force limit-inducing speeds are reached. Speeds achieved here are,
however, lower than the maximum recorded speed for a racehorse
(around 19 m s−1: Russell and McWhirter, 1988).
The mass-specific peak cranio-caudal forces observed here are
low in magnitude in comparison to those of other galloping species
(Walter and Carrier, 2007), though were of comparable magnitude
to those seen in cantering horses (Merkens et al., 1993b), resulting
in a relatively low external work (Self Davies et al., 2019). This is
probably due to the shallow leg angles seen in galloping horses
versus galloping dogs as a more vertical limb would experience
reduced cranio-caudal forces as a result of the change in GRF
vectors. Statistical analysis was not performed on the cranio-caudal
forces because of the high level of variability. It is suspected that this
variability is largely due to the experimental environment whereby
horses were accelerating and decelerating in response to the
unfamiliar situation. Although as much as possible was done to
ensure that horses were acclimatised to the set-up, speed was
controlled by the jockey, and the surface was even and raked
between trials, there was still variability in all of these factors and
horses often respond to stimuli by galloping away. The shapes of the
curves reveal that the accelerative impulse was greater than the
decelerative impulse in the hindlimbs and that the decelerative
impulse was greater than the accelerative impulse in the forelimbs.
This corroborates the theory that horses push off with the hindlimbs
and brake with the forelimbs during galloping (Ruina et al., 2005)
and also reflects the location of most propulsive muscle in the
hindleg (Crook et al., 2008; Payne et al., 2005). This collisional
perspective predicts that utilising sequential footfalls that give
impulses that redirect the centre of mass (COM) velocity through
equal angles is energetically advantageous (Lee et al., 2011). This is
due to an assumption of pseudo-elastic collisions in which energy
losses are proportional to the angle of redirection squared, and so it
is advantageous to have multiple redirections through small angles
as opposed to few redirections through large angles. Our finding that
this occurs in horses through direct force plate measurements lends
support to the notion that this mechanism may generalise from dogs
(Lee et al., 2011) to larger galloping animals.
Conclusion
GRFs for multiple limbs during high-speed, ridden galloping are
reported here, to our knowledge, for the first time. Data show that
vertical forces are concomitant with predictions in the literature
(Merkens et al., 1993b; Witte et al., 2004, 2006) in terms of
magnitude; however, the distribution of the forces between the
forelimbs and hindlimbs deviates from the previously reported
57:43 ratio (Dutto et al., 2004; Witte et al., 2004) and approximates
to 50:50. Further validation is required to determine the cause of this
change to impulse distribution though it can be suggested that a
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move towards symmetry is beneficial if injury is to be avoided. Peak
GRFz increased with speed, suggesting the potential for a force limit
to maximum-speed running. Cranio-caudal forces were low in
magnitude, showing low acceleration and deceleration within a
stride, and conform to the suggestion that horses may acceleratewith
the hindlimbs and brakewith the forelimbs (Ruina et al., 2005). This
last finding may, in turn, be due to an energetic constraint imposed
by the suggested collisional nature of legged locomotion.
APPENDIX
These data were collected using ridden horses, with approximately
13% of the total mass being the rider who, in racing posture, is not
tightly connected to the horse and so added weight but limited
inertia. The rider can move horizontally relative to and potentially
out of phase with the horse’s COM (Pfau et al., 2009), so the horse
can reduce the horizontal work on the rider whilst still supporting
their weight. The position of the jockey on the horse’s back could
potentially influence the front:back weight distribution. Using
Fig. A1, the following equations can be derived for a static situation.
Vertically:
2FzH þ 2FzF ¼ gðmhorse þ mjockeyÞ; ðA1Þ
where FzH is the vertical force of the hindlimb, FzF is the vertical
force of the forelimb,mhorse is the mass of the horse andmjockey is the
mass of the jockey.
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Fig. 4. GRFz predicted from duty factor as a percentage of
recorded GRFz. Duty factor data from video in this study were
used to predict GRF (see Alexander et al., 1979; Witte et al., 2004),
shown as a percentage of recorded force values from this study
(force plates). The data demonstrate that force predictions from
duty factor (taking into account the 50:50 front:back weight
distribution) can be relied upon. The mean percentage is 100%.
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Fig. 3. Correlations between summed hindlimb (blue) and forelimb (red) vertical impulses with speed. The data demonstrate the change in front:back
weight distribution with speed.
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Moment about hips:
2FzF  Lback ¼ gLbackðmhorse  pþ mjockey  jÞ; ðA2Þ
where Lback is the length of the horse’s back, p is the proportion of
Lback at which the COM is located and j is the proportion of Lback,
from the hips, at which the jockey is positioned.
From Eqn A2:
2FzF ¼ gðmhorse  pþ mjockey  jÞ: ðA3Þ
From Eqns A1 and A3, q, the ‘new’ p when taking into account the
jockey’s mass, can be derived:
q ¼ 2FzF
2FzF þ 2FzH ¼
gðmhorse  pþ mjockey  jÞ
g ðmhorse þ mjockeyÞ : ðA4Þ
j can be calculated as follows:
j ¼ mhorse  pþ mhorse  qþ mjockey  q
mjockey
: ðA5Þ
This shows that for a 500 kg horse with a 60 kg jockey and p=0.6
(60:40 front:back weight distribution), to see q=0.5 (50:50 front:
back weight distribution), the jockey would have to be at j=−0.33 of
Lback, i.e. behind the tail of the horse. Thus, the presence and
position of the jockey’s COM on the back of the horse cannot
account for the change in front:back weight distribution seen in this
study. This is further supported in studies which suggest that the
rider does not influence the distribution of forces in lower speed
gaits (Merkens et al., 1986, 1993a,b).
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